ABSTRACT: The eelgrass meadow in Padilla Bay, Washington, has a seasonal cycle of production that is dependent on nutrient remineralization from sedimentary organic matter. We observed seasonal differences in the loading of organic carbon (OC) on mineral surface area ranging from 0.90 ± 0.30 g C m -2 , which is typical for coastal sediments, to 2.72 ± 0.49. There were also changes in organic matter quality as indicated by amino acid analyses. The fraction of OC composed of amino acids changed from 0.03 to 0.12 during the same time period. The molecular distribution of amino acids also varied seasonally as indicated by changes in the amino acid degradation index. Bacterial numbers were constant throughout the year, and we attribute changes in sedimentary organic matter primarily to changes in input from benthic algae. 
INTRODUCTION
The productivity of eelgrass meadows is intimately linked to the microbial cycling of organic matter in the sediments. Therefore, as eelgrasses undergo seasonal cycles of production, one may expect to observe concomitant seasonal changes in the distribution and reactivity of sedimentary organic matter. However, organic matter may be protected from microbial degradation by interaction with mineral surfaces. Thus, we hypothesize that the seasonal cycle of production in an eelgrass meadow is reflected in the association of organic matter with mineral surfaces.
Eelgrasses trap fine-grained suspended particles by altering the hydraulic regime of their environment (Fonseca et al. 1982) and retain organic matter produced by the eelgrasses themselves and by other photosynthetic organisms such as epiphytes and benthic algae (Thom & Albright 1990 , Hemminga et al. 1991 . As a byproduct of organic matter degradation, heterotrophic organisms release inorganic nitrogen and other nutrients to sediment porewaters (Short 1987 , Harrison 1989 , Hemminga et al. 1991 . Sedimentary inorganic nitrogen is taken up by eelgrass roots (or possibly leaves; Hemminga et al. 1994 ) and supplies a significant fraction of that needed for production (Hemminga et al. 1991 , Pedersen & Borum 1993 .
Eelgrass production in Padilla Bay, Washington, undergoes a strong seasonal cycle. Zostera marina dominates this sheltered, intertidal bay (Bulthuis 1995) and eelgrass biomass peaks in late summer at ca. 150 g m -2 and decreases to only ca 10 g m -2 in winter (Thom 1990 ). In the spring, growth is triggered by increased solar radiation, but overlying waters are bereft of dissolved inorganic nutrients when production peaks in early summer (Thom & Albright 1990) . Epiphytes grow rapidly on the eelgrass blades and efficiently hinder the transfer of inorganic nitrogen from overlying water into eelgrass blades; hence, eelgrass production is heavily dependent on the remineralization of ammonia from organic matter by sedimentary microorganisms during peak production (Williams & Ruckelshaus 1993) .
Organic matter, however, may be protected from microbial attack by adsorption to mineral surfaces in sediment. Organic carbon (OC) concentration is correlated with mineral surface area (SA) in marine and estuarine sediments (Mayer et al. 1985 , Mayer 1994 , Hedges & Keil 1995 , 1999 , Keil et al. 1997 . Mayer (1994) observed the loading of organic matter in typical, non-vegetated coastal marine sediments to be quite consistent, with a mean loading of 0.86 mg of OC per square meter of mineral SA (mg C m -2 ). Therefore, coastal marine silts and clays, which have higher surface area by mass than sands, are expected to be richer in organic matter than sands. Eelgrasses, by trapping fine-grained particles, may enhance the organic matter concentration of the sediment in which they are living.
Amino acids are the most labile class of biochemicals and are a critical substrate for microbial growth in marine environments (Keil et al. 2000) . These nitrogen-rich compounds compose the bulk of organic matter that may be characterized at the molecular level in marine sediments (Wakeham et al. 1997) . The relative molecular distribution of amino acids changes as the microbial degradation of organic matter proceeds, and this observation has been used to assess the extent of degradation of sedimentary organic matter (Dauwe et al. 1999 , Keil et al. 2000 . As such, studying the amino acids in eelgrass sediments may provide additional insight regarding the availability of organic matter for microbial degradation.
MATERIALS AND METHODS
Padilla Bay contains one of the largest contiguous eelgrass meadows on the Pacific coast of North America (Bulthuis 1995) and a 2 km transect (from 48°34.39' N, 122°32.36' W to 48°34.11' N, 122°31.79' W) parallel to the shoreline on the north end of the bay was chosen as our field location. A brief visual survey of the intertidal meadow indicated that there were no large differences in sediment texture or eelgrass density along the transect. Sediment sampling was conducted during low tide when most areas were in 5 to 10 cm of water in August 1999 (summer), and January (winter), March (early spring), and June 2000 (late spring). Samples were collected at 10 sites along the transect (identified by GPS) and additional samples were randomly collected at both ends of the transect. Small cores extending roughly 10 cm into the sediment were taken using a 20 ml plastic syringe with the end cut off. The cores were immediately transferred into sterile plastic tubes and frozen at -70°C within an hour of sampling. Samples were stored in the laboratory at -20°C.
For sediment surface area and organic analyses, sediments were thawed, homogenized by stirring, and placed in a centrifuge tube with 3 volumes of organicfree water to remove salts. Samples were centrifuged at 5000 × g for 15 min to retain sediment and OC and the clear supernatant was discarded. The rinsing procedure was repeated 2 more times. Prior to being dried to constant weight at 60°C, large organic debris (wood, roots, etc.) was picked from the sediment and discarded. The sediments were then analyzed in triplicate for OC and total nitrogen (TN), and inorganic carbon as described by Hedges & Stern (1984) using a Carlo Erba CHN analyzer. For surface area, the sediment samples were combusted at 350°C for 12 h and surface areas were determined in triplicate by the BET (Brunauer-Emmett-Teller) method as described by Keil et al. (1994) .
Bacterial counts were obtained as described by Schmidt et al. (1998) from 2 randomly chosen stations from each season. Cores were taken with sterile 5 ml plastic syringes with the tips cut off, placed in sterile plastic tubes, and diluted to 30 ml with filtered (0.2 µm) seawater. Formaldehyde was then added to a final concentration of 2% and samples were stored in the dark at 4°C for no longer than 1 yr before counting. Following brief sonication to detach bacteria from the sediments, the samples were stained with acridine orange (AO) and filtered onto black polycarbonate filters. Bacteria were then stained with diamidino-2-phenylindole (DAPI) and routine counts were made by switching between optical filters for AO and DAPI.
Sedimentary amino acids were analyzed in duplicate exactly as described by Van Mooy et al. (2002) using a slightly modified technique of Cowie & Hedges (1992) from the same locations chosen for bacterial counts. Eelgrass blades, harvested in late spring and cleaned by gently scraping with a spatula, were also analyzed. Samples were spiked with charge-matched recovery standards and hydrolyzed with 6 N HCl under N 2 for 70 min at 150°C. Hydrolysates were neutralized with 0.2 N H 3 BO 3 buffer (pH = 9.5), dried under vacuum, and then reconstituted in water and the pH adjusted to between 8 and 8.5 with buffer. Fluorescent (o-phthaldialdehyde) derivatives of primary amines were injected into a Waters HPLC system, detected by fluorescence, and quantified by normalizing peak areas to response factors for individual amino acids determined from standard mixtures. Then the amino acids were further normalized to the recovery of the chargematched standards. The total quantity of amino acids in particles is expressed as the fraction of OC that is composed of carbon from amino acids (AA/OC × 100). Dauwe et al. (1999) computed a degradation index (DI), based on the distribution of the 14 commonly analyzed amino acids (lysine and non-protein amino acids were not included) in organic matter from other marine settings. The DI essentially distills the subtle and complex changes in amino acid distributions into 1 value that decreases with progress along the early diagenetic continuum and values range from 1.5 for rapidly decaying phytoplankton to -2.2 for an oxidized turbidite sediment where organic matter was stable on millennial timescales. We calculated the DI from our amino acid distributions using the equations of Dauwe et al. (1999) as they have described.
RESULTS
Padilla Bay sediments were relatively poor in organic matter and had low SA by mass (Table 1) . The OC content of the sediments ranged from 1 to 8 mg C (g sediment) -1 and mean values varied throughout the year (ANOVA; p = 0.052). Although inorganic carbon was occasionally detected, the vast majority of samples contained none. The TN content of the sediments ranged from 0.2 to 1.0 mg N (g sediment) -1 . C/N ratio was generally around 10 and regressions of OC versus TN from each sampling interval were homogeneous (p = 0.976). However, an ANCOVA revealed that there were changes in TN not directly attributable to changes in OC (p = 0.026). Eelgrass had a C/N ratio of 14. Mineral SA ranged from 1 to 3 m 2 (g sediment) -1 and was invariant throughout the year (ANOVA; p = 0.523).
There was a strong correlation between OC content and mineral SA and these data showed seasonal variation (Fig. 1, Table 1 ). The slope of OC versus SA indicates the loading of OC on mineral SA and has the units mg C m -2
. The slope was highest in early spring 277 Table 1 . Geochemical data for sediments (mean ± 1 SD) and parameters for the regressions in Fig. 1 Sediments OC 3.7 ± 0.9 4.5 ± 1.0 4.4 ± 3.3 4.7 ± 1.5 TN 0.44 ± 0.11 0.60 ± 0.27 0.57 ± 0.47 0.53 ± 0.17 C/N 9.8 ± 0.6 9.9 ± 0.9 9.0 ± 1.1 10.3 ± 0.7_ SA 1.9 ± 0.4 2.6 ± 0.8 1.8 ± 0.5 1.8 ± 0.6 n 2 0 1 2 1 1 1 6 with progressively lower values in the late spring, summer, and winter. At each sampling interval the correlation was significant, though in early spring there were 2 outliers that were not included in the regression. The regressions were tested for homogeneity and the F-statistic indicated that the slopes were not homogeneous (p = 0.0448). Hence, the loading of organic matter on mineral surfaces differed between the sampling intervals. While an ANCOVA is not strictly appropriate for regressions with different slopes, particularly for those without the same number of samples (Lowry 2001) , the highly significant F-statistic (p = 0.001) suggests differences in OC between sampling intervals that were independent of any attendant differences in SA. The abundance of bacteria remained constant throughout the year ( Fig. 2A ). Counts were an order of magnitude lower than in muds from Puget Sound (Schmidt et al. 1998 ), but were reasonable considering the low SA of the sands we studied (DeFlaun & Mayer 1983 , Yamamoto & Lopez 1985 .
Regressions
Amino acids composed a relatively small fraction of the OC in the sedimentary organic matter of Padilla Bay sands, except in spring (Fig. 2B) . One of the samples selected for amino acid analysis in early spring was one of the outliers (see Fig. 1 ): it was substantially 'over-loaded' with OC and had a C/N ratio of 7.7, which suggested contamination from fresh algal biomass. Not including this outlier, the seasonal record of AA/OC ratio showed significant variation (ANOVA; p < 0.001). The distributions of individual protein amino acids (data not shown) were typical for intertidal muds (Mayer et al. 1985) . The DI of the sediments changed during the year (ANOVA; p = 0.002) and thus reflected changes in the quality of sedimentary organic matter (Fig. 2C) . The AA/OC ratio of eelgrass was 0.20 ± 0.02 and the molecular distribution of amino acids agreed well with those reported by Pedersen et al. (1999) for Zostera marina. Eelgrass had a DI of 1.8 ± 0.1.
DISCUSSION
The eelgrass meadow in Padilla Bay undergoes a strong seasonal cycle of production, and we have observed concomitant changes in the organic geochemistry of the sediments at this location. These changes were manifested both in changes in the loading of organic matter on mineral surfaces, and in the character of organic matter as indicated by the concentration and composition of amino acids.
Organic matter associated with mineral surfaces undergoes net degradation during the autumn as evidenced by changes in the slope of OC versus SA. In late summer, the loading of OC on mineral surfaces was 1.68 ± 0.27 mg C m -2 , which is higher than the typical coastal marine loading of 0.86 mg C m -2 , indicating that the sediments may have been slightly 'overloaded' with organic matter. However, by winter, the loading of OC on mineral surfaces had decreased substantially to the typical coastal marine loading value. This observation is analogous to the finding that shelf sediments from the sediment water interface had anomalously high loading of organic matter, but after burial and successive microbial attack the sediments converged down-core on the typical coastal marine loading (Mayer 1994) . Mayer (1994) suggested that the typical coastal marine value represented a 'monolayerequivalent' loading of degradation-resistant organic 278 Fig. 2 . Seasonal times series of (A) bacterial counts, (B) amino acid content of organic matter, and (C) the degradation index (DI). Empty circles indicate the outlying sample from Fig. 1 . For summer, n = 4; winter, n = 4; early spring, n = 2 and 2; and late spring, n = 4. Data are mean ± 1 SD matter on mineral surfaces. Keil et al. (1994) demonstrated that the organic matter from sediments of typical coastal marine loading was highly susceptible to microbial degradation if de-sorbed from the sediments. Since then it has been suggested that organic matter is not uniformly loaded on sediments, but may be concentrated in mesopores (Mayer 1999) or at mineralmineral contact points (Ransom et al. 1999) surfaces, thereby protecting it from enzymatic attack by microorganisms (Mayer 1999) . Our observations from Padilla Bay support a model where organic matter is tightly associated with mineral surfaces throughout the year, but only a fraction of the 'overloaded' OC on mineral surfaces is ultimately protected from microbial attack, perhaps that which is adsorbed in sediment pores. In early spring, the loading of organic matter on mineral surfaces became substantially greater than that typical for coastal marine sediments. Sediments in Padilla Bay are bereft of eelgrass cover in early spring, and are exposed to the seasonally increasing solar radiation; with an abundant supply of nitrogen from the sediments and the water column (Thom & Albright 1990) conditions are ideal for the production of organic matter by benthic algae. Thom (1990) observed that sediment chlorophyll concentrations in Padilla Bay peaked in early spring, before eelgrass production resumed. Organic carbon produced by benthic algae in sandy intertidal sediments may be rapidly transferred to bacteria (Middelburg et al. 2000) , but our observations indicate that any input of OC from benthic algae in Padilla Bay did not lead to an increase in bacterial abundance. And thus, we suspect that the substantial 'over-loading' of organic matter in early spring originated primarily from photosynthetic production within the surface sediments themselves and not from increased active bacterial biomass.
By late spring, the loading of organic matter in the eelgrass meadow sediments approached that of the previous summer. Eelgrass cover increases rapidly in late spring (Thom 1990) , and throughout the growth season Zostera marina may consistently exude as much as 4% of total photosynthetic production as dissolved OC into the sediments (Blaabjerg et al. 1998) . Dissolved organic matter of seagrass origin is amenable to microbial degradation (Blaabjerg et al. 1998) , and the balance between supply and microbial degradation of this material was most probably responsible for the consistent, but slight 'over-loading', of organic matter on mineral surfaces observed throughout the summer.
The amino acid data also support the possibility of a seasonal influx of organic matter in the early spring. Generally, amino acids composed a relatively small fraction of organic matter, suggesting that organic matter sustained proteolytic attack by organisms in the sediment. However in early spring, concentrations approached those observed in other coastal sediments (Keil et al. 2000) , suggesting that influx exceeded degradation substantially. The spring peak in amino acid-rich biomass suggests that benthic algal production may distribute a substantial quantity of labile organic matter throughout the sediment community prior to the bloom in eelgrass production. The ANCOVA of TN and OC supports this observation of changing contributions of amino acids to organic matter.
The DI values were typical for the coastal sediments observed by Dauwe et al. (1999) and suggest that the organic matter had the potential to be turned over rapidly. The values also showed seasonal variation: the DI decreased in the autumn, suggesting that the organic matter became less reactive and then increased in the spring as the eelgrass meadow became more productive. It was expected that the outlier (in Fig. 2 ) that was contaminated with fresh algal biomass would have a high DI, but we are puzzled that the DI of the other sample, while greater than in winter, is relatively low despite its high abundance of amino acids. The DI was highest in late spring and summer when eelgrass production was at its maximum, which suggests that sedimentary organic matter is cycled most rapidly when eelgrasses depend most critically on sedimentary sources of nitrogen. These high DI values could also indicate the presence of OC of eelgrass origin during this period.
In summary, the data indicate that the loading of organic matter on mineral surfaces varied seasonally with the production of organic matter from photosynthetic organisms. What is particularly striking is the strength of the OC/SA relationship at each sampling interval; despite heterogeneity in the sediments that were sampled, the concentration of OC was nearly uniform with respect to SA. Thus, it appears that while meadow-scale photosynthetic processes vary the influx of organic matter to the sediment, mineral SA affects the capacity of the sediment to retain OC on the centimeter scale by regulating the availability of OC for degradation.
